It is known that a forward masker can make threshold for a signal poorer, but the mechanisms underlying this psychophysical effect are not well-understood. One theory, the temporal window model (TWM), proposes that masker and signal excitation are integrated within a temporal window. An additional mechanism may be cochlear gain reduction by the medial olivocochlear reflex, a sluggish sound-evoked reflex. In our laboratory, we have shown evidence of gain reduction in forward masking results. We measure off-frequency growth of masking to estimate the cochlear Input/Output (I/O) function. A precursor is introduced which reduces the gain of the I/O function. In the present study, we examine this gain reduction effect as a function of precursor duration for on-and off-frequency precursors. From a gain reduction perspective, a long on-frequency precursor may reduce gain for itself, while the off-frequency precursor, assumed to be linear at the signal frequency, would not. The TWM, however, does not predict differences in trends with duration for the two precursor frequencies. In our modeling, we have incorporated a gain reduction module into the TWM. We will compare predictions of the results with the standard TWM and the TWM with gain reduction.
INTRODUCTION
Behavioral threshold for a signal may be elevated by a preceding sound even with no temporal overlap, a phenomenon called forward masking. However, the mechanisms of forward masking are not fully understood. One theory, the temporal window model (TWM), proposes that the masker and signal are integrated at some level of the auditory system (Oxenham and Moore, 1994; Oxenham, 2001 ). In this model, following a peripheral processing module with bandpass filtering and compressive nonlinearity, the masker and signal representations are integrated within a temporal window. Although the physiological mechanism for integration is not clear, this temporal window of integration may effectively represent neural adaptation (Oxenham, 2001; Ewert et al., 2007) or other more central processes.
Another mechanism of forward masking may be gain reduction from the medial olivocochlear reflex (MOCR). The MOCR is a sound-evoked reflex that reduces gain of the cochlear amplifier over a slow time course. There is a delay from the elicitor onset of approximately 25 ms followed by gradual reduction in gain. From the offset of the elicitor there is a similar delay followed by gradual recovery of gain. A forward masker may reduce gain of the cochlear amplifier after a delay in regions of the cochlea where it produces sufficient excitation. As a result, a signal following a masker would be processed by the cochlea with reduced gain and threshold would be poorer.
Evidence of gain reduction has been observed in previous psychoacoustic studies. In one method, growth-ofmasking (GOM) is measured with a short, off-frequency masker to estimate the input/output (I/O) function at the signal frequency place in the cochlea. The estimated gain of this function is reduced when a sufficiently long, onfrequency precursor is presented prior to the masker-signal complex (Krull and Strickland, 2008) . In a previous study, the time course of this gain reduction effect was explored by manipulating precursor duration and delay (Roverud and Strickland, 2010) . In some listeners, a shorter 50-ms precursor resulted in a greater gain reduction effect than a longer 100-ms precursor (rollover), which is not expected from an integration process alone. While the rollover effect in that study was small, it has been seen in other studies. Oxenham and Plack (2000) examined the effect of masker duration with no masker-signal delay and a 20-ms masker-signal delay. With a 20-ms maskersignal delay, a condition most similar to the stimulus paradigm in Roverud and Strickland (2010) , signal threshold decreased (rolled over) for some subjects as masker was increased from 30 to 120 ms.
Rollover could be consistent with an MOCR mechanism of forward masking. If the on-frequency precursor is long enough, later-occurring portions of the precursor may be affected by the gain reduction it elicited. As a result, excitatory masking and/or gain reduction effects of the precursor on signal threshold would be changing with precursor duration. To test this explanation, in the current study, the effect of precursor duration was compared for on-and off-frequency precursors. As long as the off-frequency precursor is intense enough, it should produce sufficient excitation at the signal frequency place to elicit gain reduction there. However, assuming the offfrequency precursor is linear and has no gain at the signal place, it would not be affected by the gain reduction there, regardless of its duration. This view predicts a different pattern with precursor duration for on-and off-frequency precursors. Specifically, results with off-frequency precursors should not demonstrate rollover. The results in this study were modeled with the TWM and a modified TWM simulating gain reduction by the MOCR (TWM-GR).
METHODS AND RESULTS
The right ears of four normal-hearing subjects were tested in this study. Similar results were obtained for all four subjects. The results for one subject will be discussed in this paper. In all conditions, a precursor, masker, and signal were presented sequentially. The signal was a 4-kHz, 6-ms sinusoid with 3-ms cos 2 ramps. The masker was a 2.4-kHz, 20-ms sinusoid. This masker frequency should produce a linear response at the signal frequency place (Jennings and Strickland, 2012a ). The masker duration should also be short enough so that it does not result in gain reduction for the following signal, as the duration of the two stimuli fall within the MOCR onset delay. The precursor was a 0.8-(control), 2.4-(off-frequency), or 4-kHz (on-frequency) sinusoid. Precursor and masker ramps were 5-ms cos 2 . GOM functions were collected with the off-frequency forward masker and a 40 dB SPL control precursor. The control precursor was used to maintain similar temporal characteristics across conditions; in this paradigm, a control precursor is equivalent to no precursor (Jennings et al., 2009 ). The GOM functions were fitted with the following equations from Yasin and Plack (2003) to estimate the I/O function: 
where L in is signal level, L out is masker level, G is gain, BP is breakpoint of the function, and c is the slope between BP and 100. To account for the steep roll off near threshold, the intensity of an internal noise parameter, α, was subtracted from the intensity of BP and L in in Eqs 1 and 2 (Jennings and Strickland, 2010) . The resulting fits were used in the modeling section. Following measurement of GOM functions, a masker level producing a signal threshold on the linear portion of the GOM function was selected and fixed for the measurement of precursor duration data. Thresholds were measured for both on-and off-frequency precursors for precursor durations ranging from 10-150 ms. The onfrequency precursor levels were 40, 50, and 60 dB SPL. The off-frequency precursor levels were 85, 90, and 95 dB SPL. Due to subject discomfort, a 95 dB SPL off-frequency precursor was not used for the participant discussed in this paper. Preliminary data showed that these off-frequency precursor levels resulted in the same signal threshold as the on-frequency precursor levels for at least one duration. By matching precursors at one duration, differences at other durations would be more apparent.
Results from one example subject are shown in the first (left-most) column of Figure 1 . Filled symbols are thresholds with an on-frequency precursor plotted as a function of precursor duration. Open symbols are thresholds with an off-frequency precursor. Precursor levels are indicated within each panel. With the on-frequency precursor, thresholds increased for durations up to 50 ms, rolled over beyond 50 ms and then increased again for the 150-ms precursor. This pattern was seen consistently across all three precursor levels, which suggests that this effect is not simply due to random threshold variability. For other subjects, thresholds reached a plateau or rolled over beyond a 50-ms precursor duration (not shown). With the off-frequency precursor, a different trend was seen. Thresholds continued to increase with increasing precursor duration and there was no roll over. Also apparent in this figure is that, while on-and off-frequency precursors were matched in effectiveness at some durations, there were deviations at other durations. represent the same precursor levels and frequencies as the first column. The third column shows the best fits to the data with the TWM-GR.
MODELING
The data were modeled with the TWM and a modified TWM with gain reduction (TWM-GR). The standard TWM does not represent effects of the MOCR, as the peripheral nonlinearity processing stage is static and not timevarying. In the TWM-GR, the TWM was modified to include time-varying, history-dependent gain variation at the peripheral processing stage. In the standard TWM, peripheral processing consists of bandpass (BP) filtering followed by compressive nonlinearity. In the current study, a simplified version of BP filtering was used. Each stimulus was classified either as off-frequency and processed linearly where the intercept β was allowed to vary or as on-frequency and subjected to compressive nonlinearity. Each subject's fitted I/O function (using Eqs 1 and 2) defined the compressive nonlinearity. The stimuli were half-wave rectified envelopes where each subject's estimate of internal noise, α, limited the output minimum of all stimuli. See the solid black lines in Figure 2 for a schematic of the TWM used in this study.
After being processed sample-by-sample by the peripheral nonlinearity, the stimulus representations, one with the signal and one without the signal, were convolved with a temporal window. This temporal window was similar to that described by Oxenham (2001) but without the backward masking component. The following equation describes this function:
where t is time (in ms) relative to the peak of the window, T1 and T2 are time constants, and w is the weighting of T1 and T2. The outputs of the integrating window, the processed stimuli with the signal and the processed stimuli without the signal, were compared and the maximum signal-to-noise ratio (SNR) was selected. The SNR was assumed to be constant across conditions. The model minimized on parameters T1, T2, w, β, and SNR. For each subject, all data were fitted at once. The TWM best fits are shown in the middle column of Figure 1 . For both the on-and off-frequency precursors, the TWM predicted an increase in threshold with increasing precursor duration. While the on-and off-frequency data converged at longer precursor durations (first column of Figure 1 ), the TWM fits diverged at longer precursor durations (Second column of Figure 1) . FIGURE 2. Schematic of the stages of the TWM (black lines and text). The grey portions show the stage added in this study to simulate gain reduction by the MOCR. The grey and black portions together depict the TWM-GR.
The fact that rollover was seen with on-frequency precursors and not seen with off-frequency precursors may be consistent with a gain reduction by MOCR hypothesis, as described in the Introduction. To test this idea, the MOCR was simulated in the TWM as a change in gain in response to prior sound input. This was implemented as a feedback loop between the peripheral nonlinearity module and a gain reduction window (see the grey portions of Fig. 2) . This model will be called TWM-GR (gain reduction). In the TWM-GR, as the stimuli were scaled sampleby-sample by their respective I/O functions, their outputs were scaled to the gain reduction window. In this model, both on-and off-frequency stimuli are capable of eliciting gain reduction if their outputs from the peripheral nonlinearity exceed the output of a gain reduction elicitor threshold. The gain reduction elicitor threshold was set as the output level for an on-frequency input of 30 dB SPL, while the maximum elicitor level was set as the output level for an on-frequency input of 60 dB SPL. These levels were chosen to contain the on-frequency precursor levels used in this study. The scaled stimuli from sample 1 to t were multiplied by the gain reduction window:
where L win is the length of the window in ms, which was set as the duration of the combined precursor, masker and signal for the longest precursor, and τ win is the time constant of the window. The gain reduction window output determined the proportion of maximum amount of gain reduction, resulting in an amount of gain change, ΔG. The maximum possible amount of gain change was parameter MaxΔG in the model. ΔG is used to calculate the new I/O function that later sample points will be processed through after a delay. The equations for determining the new I/O function at each sample, modified from Jennings and Strickland (2010) , are:
where G adapt and BP adapt replace G and BP in Eqs 1 and 2 to describe the new I/O function. G, BP and c are the original estimates from the I/O function fit, while ΔG was determined by the output of the gain reduction window. SR is sampling rate, t is sampling point, and del is delay in ms. The result of this processing is that while both onand off-frequency stimuli are capable of eliciting gain reduction, only the on-frequency stimuli, which are processed through an I/O function with gain, can be influenced by the gain reduction after a delay. The TWM-GR minimized on parameters T1, β, τ win , MaxΔG, del, and SNR. The TWM-GR fits are shown in the last column of Figure 1 . This model predicted the rollover seen beyond 50 ms precursors for all three precursor levels and predicted no rollover for off-frequency precursors. This model also predicted that, while there was divergence in on-and off-frequency precursor thresholds at 50-ms, thresholds converged for longer durations. Thus, the TWM-GR model captured the pattern of the data better than the TWM, and resulted in a lower RMS error (TWM-GR: 2.05 vs. TWM: 3.77).
DISCUSSION
Rollover was seen with on-frequency precursors but was not seen with off-frequency precursors, consistent with the prediction made in the Introduction. These results could not be accounted for by the TWM but were predicted by the TWM-GR. This was because, in the TWM-GR, a feedback loop was placed at a processing stage representing the cochlea where there is a distinction between on-and off-frequency stimuli. In this model, gain reduction affects on-frequency precursors but not off-frequency precursors because the off-frequency stimuli are assumed to be linear and to have no gain at the signal frequency place. The gain reduction modification to the TWM is based on a known physiological process, the MOCR. These results, along with the results of other studies (e.g., Roverud and Strickland, 2010; Jennings and Strickland, 2012b) , suggest that the MOCR may play a role in forward masking.
